Introduction
Long-acting bronchodilators, such as long-acting β 2 -agonists (LABAs) and long-acting muscarinic antagonists (LAMAs), are considered the cornerstone of maintenance therapy for patients with chronic obstructive pulmonary disease (COPD), 1,2 because they improve lung function and reduce dyspnea, hyperinflation, and frequency of exacerbations. [3] [4] [5] The first available inhaled long-acting bronchodilators, such as salmeterol and formoterol, were administered twice daily. Tiotropium, the first 24-hour inhaled long-acting bronchodilator, and a LAMA, was introduced a decade ago. LABAs with 24-hour dosing profiles, such as indacaterol, have recently become available, allowing for once-daily dosing. 6 Once-daily dosing may be associated with improved adherence and clinical outcomes. 6, 7 Olodaterol is a LABA with a high affinity for, and almost full intrinsic activity at, β 2 receptors and low-affinity partial agonist activity at β 1 receptors. 8, 9 Preclinical 
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Ferguson et al and early clinical studies in COPD and asthma indicated that olodaterol has a 24-hour bronchodilatory effect [10] [11] [12] [13] and is well tolerated at single doses up to 20 µg, 11, 13 and over 3 and 4 weeks at doses up to 20 µg per day. 12, 14, 15 Based on these Phase II clinical trials, olodaterol 5 µg and 10 µg were selected as the most appropriate doses to investigate further in the Phase III COPD program. 12, 15 Studies 1222.11 and 1222.12 form part of a comprehensive Phase III clinical development program for olodaterol in COPD, comprising five pairs of replicate studies designed to assess lung function efficacy and safety over 48 weeks, symptomatic benefit, 24-hour bronchodilator profile versus formoterol and tiotropium, and exercise capacity. Replicate studies were conducted to provide independent substantiation of results.
The lung function benefits of olodaterol 5 µg and 10 µg were examined in two pairs of replicate pivotal studies in patients with moderate to very severe COPD. One pair of studies assessed the lung function efficacy and symptomatic benefits of olodaterol in comparison with placebo and formoterol after 24 weeks. The pair of studies presented here evaluated the lung function efficacy of olodaterol 5 µg and 10 µg once daily after 12 weeks in comparison with placebo. The patient population included in these studies was chosen to closely represent the range of patients seen in clinical practice with regard to disease severity, background therapies, and comorbidities.
Materials and methods

Study design
Studies 1222.11 (ClinicalTrials.gov identifier NCT 00782210) and 1222.12 (ClinicalTrials.gov identifier NCT 00782509) were replicate, multicenter, multinational, randomized, double-blind, placebo-controlled, parallel-group Phase III trials ( Figure 1 ). Following an initial screening visit and a 2-week baseline period, patients were randomized to receive olodaterol 5 µg or 10 µg once daily or placebo; randomization was stratified based on concomitant tiotropium use to ensure balanced assignment across treatment arms. Olodaterol was administered as two actuations of the Respimat ® inhaler (Boehringer Ingelheim, Ingelheim, Germany). The treatment period was 48 weeks, with a final follow-up 2 weeks later. Primary efficacy evaluations were carried out at 12 weeks, in line with US Food and Drug Administration requirements, 16 and longer-term safety and efficacy end points were studied over the 48-week period.
The studies were carried out in accordance with the principles of the Declaration of Helsinki and the International Conference on Harmonisation Harmonised Tripartite Guideline for Good Clinical Practice, and written informed consent was obtained from each patient.
Patients
Patients with a diagnosis of moderate to very severe COPD (Global initiative for chronic Obstructive Lung Disease [GOLD] stage 2-4) were recruited if they met the following inclusion criteria: post-bronchodilator forced expiratory volume in 1 second (FEV 1 ) less than 80% predicted; FEV 1 / forced vital capacity (FVC) less than 70% predicted; age at least 40 years with a smoking history of more than 10 packyears. There was no lower limit for FEV 1 . Key exclusion criteria were: history of asthma; significant disease other than COPD (a disease that may put the patient at risk because of International Journal of COPD 2014:9 submit your manuscript | www.dovepress.com
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Efficacy and safety of olodaterol in patients with GOLD 2-4 COPD participation, may cause concern about the patient's ability to take part, or may influence the results); history of myocardial infarction or hospitalization due to heart failure in the previous year; unstable or life-threatening cardiac arrhythmia; regular use of daytime oxygen therapy (if patients were considered unable to abstain from use during clinic visits).
Patients continued with usual background maintenance therapy other than LABAs for the study duration, including LAMAs and short-acting muscarinic antagonists, inhaled corticosteroids, and methylxanthines. A 48-hour washout period was required for LABAs and patients receiving such medications were allowed to switch to short-acting muscarinic antagonists. All patients were provided with salbutamol for use as rescue medication, as needed, during the baseline, treatment, and follow-up periods.
Study outcomes
The coprimary efficacy end points were FEV 1 area under the curve from 0-3 hours (AUC 0-3 ) response (change from baseline) and trough FEV 1 response (measured as predose FEV 1 ) at 12 weeks. Secondary end points included FEV 1 AUC from 0-12 hours (AUC 0-12 ) response at 12 weeks (subset of patients only), and rescue medication use, Patient Global Rating (PGR), 17 and additional lung function assessments over 48 weeks (FEV 1 AUC 0-3 response, trough FEV 1 response, FVC AUC 0-3 response, and peak expiratory flow rate). Safety end points included adverse events, vital signs, clinical laboratory testing, and electrocardiogram.
assessments
Qualifying pulmonary function tests (PFTs) were conducted at screening. Predose PFTs (FEV 1 and FVC) were performed at 10 minutes prior to study drug inhalation (−0:10) on day 1 and after 2, 6, 12, 24, and 48 weeks of treatment. An additional 1 hour predose (−1:00) PFT was performed on day 1 and at weeks 6 and 12. Thus, trough FEV 1 was the −0:10 measurement or the mean of the −0:10 and −1:00 PFTs, depending on the visit. Post-dose PFTs were performed at 0:05, 0:15, 0:30, 1:00, 2:00, and 3:00 on day 1, and after 2, 6, 12, 24, and 48 weeks. For the subset of patients included in the FEV 1 AUC 0-12 assessment at week 12, additional post-dose PFTs were performed at 4:00, 5:00, 6:00, 8:00, 10:00, and 12:00. Spirometric tests were performed in accordance with American Thoracic Society and European Respiratory Society criteria, and the highest FEV 1 and FVC were recorded. 18 Patients recorded their peak expiratory flow rate twice daily using an electronic peak flow meter for the duration of the study. The electronic device was also used as a diary to record rescue salbutamol and study drug use. Patients were asked to rate their respiratory health using a seven-point scale at weeks 6, 12, 24, and 48 to provide the PGR score.
All adverse events and serious adverse events were recorded. Pulse rate and blood pressure were recorded at every clinic visit, and blood chemistry, hematology, and urinalysis were assessed at weeks 6 and 12. A 12-lead electrocardiogram was performed at screening, baseline, and at week 6, 12, 24, and 48 study visits predose and 40 minutes post-dose; 24-hour Holter monitoring was carried out in a subset of patients prior to randomization and then after clinic visits at 12, 24, 40, and 48 weeks (total of 393 patients across both studies).
Statistical analysis
A sample size of 200 patients per group for each study was planned to provide 90% power to detect a difference in means of 75 mL in trough FEV 1 response, with an expected standard deviation of 0.226 L between olodaterol groups and placebo at the one-sided alpha of 0.025 (corresponding to a two-sided alpha of 0.05).
The full analysis set was defined as all randomized patients who received at least one dose of treatment and had a baseline and at least one post-randomization measurement at or before 12 weeks for either coprimary efficacy variable. The full analysis set was used for all analyses presented here.
The mean change from baseline in the two coprimary end points was analyzed using a mixed model for repeated measurements with fixed, categorical effects of treatment, tiotropium use stratum, test day, treatment by test-day interaction, treatment by tiotropium use stratum interaction, tiotropium use stratum by test-day interaction, and treatment by tiotropium use stratum by test-day interaction, as well as the continuous, fixed covariates of baseline and baseline by test-day interaction. These were tested in hierarchical order as detailed in Table S1 . Tiotropium use stratum was originally included as a covariate in the statistical model to meet International Conference on Harmonisation E9 guidelines. 19 However, inclusion of the tiotropium stratum interaction terms within the original statistical model weighted the strata equally rather than proportional to stratum size when in fact the stratum sizes were very different. In addition to inappropriately weighting the strata, this also resulted in increased variability. As this issue was not recognized until after unblinding, the planned analysis was amended to remove the treatment-by-tiotropium stratum interaction from the analysis. We demonstrated that removal of treatmentby-tiotropium stratum interaction had little effect on the overall analysis (Table S2 ). The same model was used for spirometry and the same model without the covariates was Prespecified analyses based on the combined dataset from studies 1222.11 and 1222.12 were conducted to assess the FEV 1 AUC 0-12 and Holter electrocardiogram monitoring outcomes, as these assessments were performed in only a subset of patients in each study. Combined analysis of other end points, including lung function results, PGR, and rescue medication use, was performed in addition to analyses for each individual study; selected combined data are presented here for simplicity.
Results
Patient disposition and baseline characteristics
In study 1222.11, 859 patients were enrolled from the USA, Germany, Australia, New Zealand, China, and Taiwan; of these, 625 were randomized and 624 were treated ( Figure 2A) . In study 1222.12, 892 patients were enrolled from the USA, Germany, China, and Taiwan; 644 of these were randomized and 642 were treated ( Figure 2B ). There was an overall discontinuation rate of 19% in study 1222.11, with a higher rate in the 
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Efficacy and safety of olodaterol in patients with GOLD 2-4 COPD placebo group (24%) compared with the active treatment groups (17% at both doses). In study 1222.12, the overall discontinuation rate was 16%, again with a higher rate in the placebo group (19%) than in the active treatment groups (11% and 17% with olodaterol 5 µg and 10 µg, respectively) ( Figure 2 ; reasons for discontinuations provided in Figure S1 ). Patient baseline characteristics were comparable between treatment groups in both studies (Table 1 ). More than 70% of patients in both studies were taking pulmonary medication at baseline; 21%-25% of patients across groups in study 1222.11 and 15%-22% of patients in study 1222.12 were receiving tiotropium (Table 1) . A total of 12.0% of patients in study 1222.11 and 13.1% in study 1222.12 were categorized as having GOLD stage 4 disease.
Efficacy Lung function
After 12 weeks, statistically significant improvements compared with placebo were demonstrated in the coprimary end point of FEV 1 AUC 0-3 response for both olodaterol 5 µg and 10 µg once daily in studies 1222.11 and 1222.12 (P,0.0001, Table 2 and Table S3 ). Statistically significant improvements versus placebo in the coprimary end point of trough FEV 1 response were also observed at week 12 with both doses of olodaterol in study 1222.11 (P,0.0001) and in study 1222.12 (5 µg, P,0.05; 10 µg, P,0.01; Table 2 and Table S3 ). These improvements were also evident at weeks 24 and 48 ( Table 2 and Table S3 ). There were no statistically significant differences between olodaterol 5 µg and 10 µg in either coprimary end point. Comparison of lung function analysis by original and revised statistical models demonstrated similar results (Table S2) . Analysis of the combined data set found no statistically significant treatment-by-tiotropium stratum interaction (results of the coprimary end points in the tiotropium and non-tiotropium strata are provided in Table S4 ).
Over the 48-week treatment period, the FEV 1 AUC 0-3 response with olodaterol 5 µg and 10 µg once daily was significantly improved compared with placebo at all time points in studies 1222.11 and 1222.12 (P,0.0001, Figure 3 ). 
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Ferguson et al Trough FEV 1 response was significantly improved compared with placebo with both doses of olodaterol at all time points measured over the 48-week period (P,0.0001) in study 1222.11 and at all but one time point in study 1222.12 (P,0.0001-P=0.0186 except day 225, olodaterol 10 µg, P=0.1614).
FVC AUC 0-3 response mirrored the FEV 1 results, and was significantly improved compared with placebo with both olodaterol doses at all time points over 48 weeks for both studies (P,0.0001, Table 3 ). In study 1222.11 (but not study 1222.12), the trough FVC response was statistically significantly improved at all time points over 48 weeks with both doses of olodaterol once daily versus placebo (P,0.0001-P,0.05, Table 3 ).
Improvements in FEV 1 with olodaterol were evident from 5 minutes after the first dose. In the combined data set, mean 
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Efficacy and safety of olodaterol in patients with GOLD 2-4 COPD differences from placebo on day 1 at 5, 15, and 30 minutes were 0.118, 0.152, and 0.160 L (P,0.0001 versus placebo), respectively, with olodaterol 5 µg, and 0.117, 0.149, and 0.160 L with 10 µg (P,0.0001 versus placebo). FEV 1 results from -1:00 predose to 3:00 post-dose are shown for the individual studies in Figure 4 and the combined data are shown in Figure S2 .
A prespecified analysis of combined data from studies 1222.11 and 1222.12 for the subset of patients who underwent PFTs up to 12 hours post-dose was performed, with FEV 1 AUC 0-12 response significantly improved with olodaterol 5 µg (0.137 L; P,0.0001) and olodaterol 10 µg (0.124 L; P,0.0001) at week 12 compared with placebo (n=562).
The weekly mean morning and evening peak expiratory flow rate were supportive of the FEV 1 results and were statistically significantly improved with both olodaterol doses compared with placebo in study 1222.11 (P,0.0001-P=0.0063) and study 1222.12 (P,0.0001-P=0.0325) over 48 weeks ( Figure S3 ).
rescue medication use
Weekly mean daytime and nighttime rescue medication use with olodaterol was significantly reduced versus placebo over the 48 weeks of treatment in the combined data set; at week 48, daytime rescue medication use was reduced for olodaterol 5 µg by 0.46 actuations/day (P,0.0001) and for 10 µg by 0.57 actuations/day (P,0.0001); night-time rescue medication use was reduced for olodaterol 5 µg by 0.50 actuations/day (P,0.0001) and for 10 µg by 0.78 actuations/day (P,0.0001; data from combined analysis and individual trials presented in Figure S4 and Table S5 , respectively).
Patient Global Rating
PGR scores, 17 based on the combined data set (post hoc analysis), were statistically significantly improved versus placebo with both olodaterol doses (P,0.0001 at weeks 6, 12, and 24; P=0.0041, 5 µg and P,0.0001, 10 µg at week 48). At week 12, mean PGR scores were 3.0 with both olodaterol doses and 3.3 with placebo. Results are presented for the individual studies in Table S6 .
Safety
In both studies, the incidences of adverse events, serious adverse events, deaths, and adverse events leading to discontinuations with olodaterol 5 µg and 10 µg once daily were similar to those for placebo ( Table 4 ). The most common adverse event was exacerbation of COPD, which occurred in 34.0%, 24.0%, and 32.4% of patients receiving placebo, olodaterol 5 µg, and olodaterol 10 µg, respectively, in study 1222.11, and in 25.5%, 22.0%, and 27.2% of patients, respectively, in study 1222.12. Serious adverse events were reported by 16.3%, 18.8%, and 20.8% of patients with placebo, olodaterol 5 µg, and olodaterol 10 µg, respectively, in study 1222.11, and by 14.8%, 15.3%, and 17.1% of patients, respectively, in study 1222.12.
Analysis of laboratory parameters indicated an upward shift in creatine phosphokinase in the olodaterol groups compared with placebo in studies 1222.11 and 1222.12 using maximum on-treatment values (change from baseline in study 1222.11: placebo -24 U/L, olodaterol 5 µg +8 U/L, olodaterol 10 µg +59 U/L, and in study 1222.12: placebo −14 U/L, olodaterol 5 and 10 µg +7 U/L). One patient receiving olodaterol 10 µg in study 1222.11 and no patients in study 1222.12 discontinued early due to increased blood creatine phosphokinase. No other notable changes in mean values for other clinical laboratory results, vital signs, electrocardiogram results, Holter monitoring, or physical examinations were found.
In study 1222.11, there were five deaths during the treatment period (three in the olodaterol 5 µg group [all due to ). There were four post-study deaths reported in the vital status follow-up during the planned observation period (48 weeks plus 2 weeks); all had discontinued the study (two in the placebo group, one in the olodaterol 5 µg group, and one in the olodaterol 10 µg group), and one death outside of the planned observation period in a patient who had completed the study. In study 1222.12, there were five deaths during the treatment period (one in the placebo group [COPD exacerbation] and four in the olodaterol 10 µg group [pneumonia, lung cancer, COPD exacerbation, and unknown cause]). Four post-study deaths were reported during the planned observation period; all patients involved had discontinued the study (two in the placebo group, one in the olodaterol 5 µg group, and one in the olodaterol 10 µg group). None of these deaths in either study were considered related to the study drug. Further safety data from these trials have already been presented.
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Discussion
In this replicate pair of Phase III studies, analyses indicated that the coprimary end points were met, with olodaterol 5 µg and 10 µg once daily demonstrating significant improvements in FEV 1 AUC 0-3 response and trough FEV 1 response compared with placebo at 12 weeks in patients with GOLD 2-4 COPD receiving usual-care maintenance therapy. We detected no difference in efficacy between olodaterol 5 µg and 10 µg. These coprimary end points demonstrate the full effect of olodaterol over the 24-hour dosing interval considering both peak and trough lung function.
The results of the secondary lung function end points support these data and also show the longer-term efficacy of olodaterol over 48 weeks. Olodaterol showed a rapid onset of action, with improvements in FEV 1 at 5 minutes post-dose. Over 48 weeks, use of rescue medication was also significantly reduced and PGR improvements were maintained.
The incidence of adverse events was similar to that of placebo and no safety concerns were highlighted. The only laboratory parameter showing a notable change with olodaterol treatment was blood creatine phosphokinase concentration, possibly as a result of the pharmacologic effect of olodaterol. This is generally associated with mild or no symptoms 21 and there was no increase in adverse events 
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Efficacy and safety of olodaterol in patients with GOLD 2-4 COPD among affected patients. The incidence of COPD exacerbation was similar with olodaterol and placebo. While previous studies of LABAs suggest a reduction of exacerbations, it should be noted that the inclusion of background medications in this study would make comparison of exacerbations difficult and, in fact, this study was not designed to investigate exacerbation rate.
The effect sizes observed were in line with expectations for populations that include patients with very severe COPD, who are often excluded from COPD studies, 22 and patients continuing with all non-LABA background bronchodilatory medications, corticosteroid medications, or combination therapies taken at baseline. This is consistent with comparable responses between olodaterol and formoterol in complementary trials in the Phase III program that also recruited from this broader population base. 23, 24 The importance of considering patient characteristics when interpreting effect size has previously been identified. 25 The rationale for employing these expanded inclusion criteria in the olodaterol Phase III program was to more closely represent the patients who are commonly encountered in clinical practice, such as those with more severe disease and patients being treated with usual-care medication, 26 including short-acting muscarinic antagonists and LAMAs.
Although the study design permits conclusions about the benefits of olodaterol in COPD patients receiving usual-care background therapy, including simultaneous use of other respiratory treatments, it does not permit specific conclusions about the efficacy of olodaterol in combination with muscarinic antagonists. Randomization was stratified by tiotropium use to ensure a balance across treatment groups and, accordingly, the results for the individual tiotropium strata are presented here. Olodaterol demonstrated a benefit versus placebo regardless of whether patients did or did not receive tiotropium. Perhaps unsurprisingly, the effect sizes were smaller in patients receiving tiotropium. However, evaluation of the efficacy of olodaterol in combination with tiotropium requires a trial design where all patients are coadministered olodaterol and tiotropium either as a free combination (studies presently being conducted: NCT01694771, NCT01696058) or as a fixed combination (Phase II studies completed; Phase III studies completed: NCT01533935, The results of these two trials, 1222.11 and 1222.12, demonstrating the efficacy and safety of olodaterol over 48 weeks, are consistent with the findings of the broader Phase III clinical development program for olodaterol. Other trials have demonstrated that olodaterol improves lung function in a manner comparable with that of other bronchodilators, provides symptomatic benefit over 48 weeks, has a 24-hour bronchodilator profile similar to that of formoterol and tiotropium, and improves exercise capacity. 23, 24, [28] [29] [30] In line with Phase III trials that rigorously assessed the 24-hour bronchodilation profile, 28 ,29 a bronchodilatory effect with olodaterol over 12 hours was observed. Together with improvements in trough FEV 1 response, this confirms that olodaterol is an effective once-daily agent. This has clinical significance in terms of offering improved convenience for patients, which can, in turn, improve adherence and clinical outcomes. 6, 7 Unlike other licensed LABAs, which are administered in dry powder form, olodaterol was administered via the Respimat ® inhaler. This provides an additional option for clinicians when prescribing bronchodilators, allowing treatments to be better tailored to individuals.
Conclusion
These studies demonstrate that olodaterol 5 µg and 10 µg once daily significantly improve lung function (FEV 1 AUC 0-3 and trough FEV 1 ) in comparison with placebo, with no detected difference between doses, and are well tolerated in patients with moderate to very severe COPD who continue to receive usual-care maintenance therapy. The superiority of olodaterol to placebo was tested by the comparison of the mean FEV 1 AUC 0-3 response and the mean trough FEV 1 response. as there are two different dose levels of olodaterol (5 µg and 10 µg) and two coprimary end points, the following hypotheses were tested in hierarchical order, each at 2.5% level of significance (one-sided) to protect the overall probability of type I error at 0.025 (one-sided).
• Superiority in mean FEV 1 AUC 0-3 response in patients treated with olodaterol 10 µg compared to those treated with placebo at day 85 (after 12 weeks of treatment) • Superiority in mean trough FEV 1 response in patients treated with olodaterol 10 µg compared to those treated with placebo at day 85 (after 12 weeks of treatment) • Superiority in mean FEV 1 AUC 0-3 response in patients treated with olodaterol 5 µg compared to those treated with placebo at day 85 (after 12 weeks of treatment) • Superiority in mean trough FEV 1 response in patients treated with olodaterol 5 µg compared to those treated with placebo at day 85 (after 12 weeks of treatment) Each test was considered confirmatory providing all the previous tests were successful. Otherwise, it was considered as descriptive. 
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